Abstract
Introduction
Mining of minerals produces voids with different shapes such as stope, cave, room, and goaf. Several void refilling or backfilling methods have been developed in mining technology [1, 2] . Backfilling is essential for controlling regional geological stability, reducing possible collapse, and improving environmental safety [3] [4] [5] . Appropriate backfilling produces significant economic and social benefits by protecting surface buildings, mediating large underground void areas, and restoring mining safety.
A filling body is used in stope backfills to support the rock pressure, regulate the caving of the surrounding rock, and also to avoid mine collapse caused by large area goaf and the surface subsidence. The intention of stope backfill is to control the stress of the surrounding rock and also maximize its stability. The tailings, which add a certain amount of binder (e.g., cement), are usually used as backfill material [4] . Managing the added amount is important to ensure the stability of the backfill and also decreases the cost of backfilling. The difference in material properties (e.g., stiffness), between the backfill material and the surrounding rock, results in a stress re-distribution in the backfill and the rock. This induces arching effects. Arching, reduction in vertical stress within the yielding material, may occur during backfilling. This happens when a fraction of material yields while others stay in place. However, due to shear resistance along the interface of the yielding material and the stable zones, the yielding materials are retained in their original positions [6] . Note that arching effects occur in other structural systems such as silos and bins [7] , ditches [8] , and retaining walls [9] .
Numerical simulation of the stress distribution within the backfill material and the surrounding rocks is the first essential step in backfill design [10] . In this paper, we develop a numerical model of a typical stope, and analyze the impact of geometrical and mechanical parameters on the stress distribution. The results help in understanding stress distribution and have implications in designing stope backfills.
Below we first review prior experimental, analytical, and numerical work related to backfill design. Importantly, Marston [11] derived a two-dimensional (2D) plain-strain theory of arching to estimate the stress distribution in stope backfills. We first use this theory to validate our numerical simulations. Terzaghi [12] and Terzaghi and Peck [13] extended Marston's theory by adding the cohesion effect. This enables the theory to be used for any material within the stope region (see also Aubertin et al. [14] for modified Marston's theory for cohesionless backfills). Winch [6] and Li and Aubertin [15] expanded the theory for estimating vertical stress in three-dimensional (3D) problems. Other analytical methods for analyzing arching theory are found in the literature (e.g., free standing vertical face by Grice [16] , vertical slope by Grice [16] , 3D sliding wedge failure by Mitchell et al. [18] , and modified simple arching by Winch [6] ).
Mitchel and Wong [18] studied backfill stability using twenty-six small-scale experiments and a 3D stress analysis method. They concluded that the arch effect had a significant influence on the backfill stability. Low et al. [19] studied arching effect of the pile in soft soils and clearly demonstrated that some stope stress was passed to the hard support body. Winch [6] and Li and Aubertin [15] investigated the Cannington mine filling to understand the stress arch in stope backfills using an experimental set up. They also analyze the influence of the filling material parameters. Take and Valsangkar [9] studied the horizontal stress distribution in a narrow stope backfill by a series of centrifugal experiments.
Numerical studies have shown that the stability of the stope increased with increasing cement content and declined in a typical mining height with increasing width [20] [21] [22] [23] . Coulthard [24] developed a numerical model for stress distribution in cement slag backfill stope. Using FLAC3D, Pierce et al. [25] and Pierce [26] numerically analyzed the stability of a stope backfill and studied the potential effects of backfill materials. The arching effects in narrow stope backfills have been studied using FLAC and PHASES2 numerical simulators [14, [27] [28] . Pirapakaran and Sivakugan [10] compared numerical models of arching effects in a stope backfill in narrow and circular stopes and compared their results with available analytical solutions. More field tests and numerical modeling results on stress distribution and arching effects are found in the literature [29] [30] [31] [32] [33] [34] [35] .
The mechanical parameters strongly depend on the types and properties of materials. A number of studies on stope backfill have been conducted (cited work above). However, few have focused on model validations and analyzing the important effects of mechanical (internal friction angle, cohesive force, Poisson's ratio, and elastic modulus) parameters on stress distributions. In this paper, we analyze the effect of the mechanical parameters on the stress distributions of stope backfills.
This paper is organized as follow: Section 2 presents our numerical model and its comparison with Marston's theory. Section 3 presents sensitivity analyses to geometrical and mechanical parameters. Section 4 highlights the conclusions of this work.
Numerical results and validation
The conceptual model and the geometry of the stope backfill and the surrounding rock are shown in Fig. 1 . Our numerical grid is shown in Fig. 2 . We consider the stope dimensions of H = 45 m and B = 6 m with a void space of 0.5 m from its top (see Fig. 1 ). The overall depth is 250 m. The software FLAC was used to create our numerical model for the stope. The weight of the rock above the stope is simulated. After equilibrium of gravity, the stope is excavated and backfilled. The excavation and the backfill were modeled in 5 layers with thickness of 9 m. The vertical stress, σ v , in the rock mass is obtained by considering the overburden weight. The horizontal stress, σ h , was assumed to be two times larger than σ v , which is typical in the absence of any in-situ measurements. The rock mass is homogeneous, isotropic, and linearly elastic, with elastic modulus of E = 30 GPa, Poisson's ratio of μ = 0.3, and unit weight of ϒ = 2700 kg/ Fig. 3 shows the vertical stress distribution within the stope and the surrounding rock. Our results showing a non-uniform stress distribution across the stope width are similar to Li and Aubertin [15] and Pirapakaran and Sivakugan [10] . Fig.  4 presents the vertical stress along the stope central line. The overburden pressure increases more rapidly than stress along the central line. This confirms that arching does take place in the stope backfill. The stress arch formation is clear in Fig. 3 . As shown in Figs. 3 and 4 the arching effects become more important at higher depth and the vertical stresses is smaller than those due to the overburden pressure (weight of the backfill). Therefore, designers should consider special attention to the arch effect since it is a strength improving effect. Numerical models are usually employed to solve more complex problems that cannot be solved analytically. However, to increase our confidence for the numerical simulations results presented in next sections we validated our model using the plane-strain of arching by Marston's [11] . We confirm that there are several approximations and simplifications in Marston's [11] theory and its extensions. Marston presented a 2D plan-strain theory for arch stress. He developed the following models for σ v and σ h within the cohesionless mine fill stope:
where, where φ is the internal friction angle, δ is the friction angle between the backfill material and the rock mass (typically it is between φ/3 to φ/2), μ is the friction coefficient between rock (it is equal to tan δ), and K a is the active earth pressure coefficient. Fig. 4 compares our numerical simulation results for vertical stress along the stope central line to Marston's theory. It is clear that our simulation results are in agreement with those from Marston's theory. Also, the vertical stresses are less than the overburden pressure in both methods. Note that the vertical stress exceeding overburden pressure is not realistic and it could be in part related to model construction and the number of backfill layers. For instance, Aubertin et al. [14] and Li et al. [27] assumed that the backfill is placed instantly as one layer. Importantly, Li et al. [27] found that the Marston's theory underestimates the stress distribution. This conclusion is due to using a single layer backfilling. Placing the backfill in a number of layers gives a better prediction (see also Pirapakaran and Sivakugan [10] ). Our simulation results were not sensitive to number of layers higher than five. 
Sensitivity analyses
In this section, we present our simulation results to better understand the potential effects of geometrical and mechanical parameter on the vertical stress distribution. Note that we tested sensitivity of our simulation results to the grid size. As shown in Fig. 4 , as we increase the grid size the vertical stress is under-represented.
Effect of stope geometry
The parameters defining the geometry of the stope backfill are the width (W), the height (H), and incline angle (α). Our sensitivity analyses show that the aspect ratio (W/H) of the stope backfill has a significant effect on the stress distribution. the overburden in small depth for all aspect ratios. However, as the depth increases the vertical stress changes differently for each case. The higher the aspect ratio of stope backfill, the greater the vertical stress. Also, for small values of aspect ratio (0.15 and 0.2) the stress increases gradually with depth and reach to a constant close to the depth of 40 m. When the aspect ratio is high, the stress increases rapidly with depth with an increasing trend, similar to the overburden pressure. Therefore, from the practical point of view, the aspect ratio of the stope should be considered as an important factor. In order to make sure that the vertical stress does not exceed the overburden pressure the smaller aspect ratio is more appropriate. However, with high values of aspect ratio, the stress in stope backfill might be passed to the surrounding rock. 
Effect of mechanical parameters

Internal friction angle (φ)
The internal friction angle (φ) is one of the important parameters of the rock material. It is the index of shear strength, and represents the friction feature of the rock material. Here we used internal friction angles of 10, 20, 30 , and 40˚ to analyze its effect on the stress distribution. The results are shown in Fig. 6 .
As shown in Fig. 6 , the vertical stresses are approximately the same for all angles for the upper third of the stope. Near the stope floor region, the vertical stress with φ of 10˚ is ~55.6% of the overburden pressure. The vertical stress with φ of 40˚ is ~68.9% of the overburden pressure. Increasing φ from 10 to 20˚ and 20 to 30˚ results in ~9.5% and ~ 1.3% decrease in the vertical stress, respectively. The stress arch plays an important role when the internal friction angle of the backfill material is greater than 20˚.
Cohesive force (c)
Since the backfill material contains adhesive and other additive materials, its strength is affected by cohesive force. We set the cohesive force index to 0, 0.2, 0.4, and 0.6 MPa to analyze its effects on the vertical stress. The results are shown in Fig. 7 . As per Fig. 7 the cohesive force index does not significantly affect our results. The vertical stress decreases when the cohesive force increases. Increasing c from 0.1 Mpa to 0.3 Mpa decreases the vertical stress more quickly than c from 0.3Mpa to 0.5Mpa does. 
Poisson's ratio (μ)
Poisson's ratio is an important parameter that affects the properties of geotechnical materials. It is the ratio of the lateral and axial strains, reflecting the ability of the lateral deformation of the geotechnical material. We set the Poisson's ratio to 0.1, 0.2, 0.3, and 0.4 to analyze its effect on the vertical stress. The results are presented in Fig. 8 . The vertical stress along the central line of the stope is less than the overburden pressure. When Poisson's ratio increases from 0.3 to 0.4, the vertical stress decreases. However, changing the Poisson's ratio from 0.1 to 0.3 did not significantly affect the vertical stress.
Elastic modulus (E)
Elastic modulus (E) represents the resistance capability of the elastic deformation and can reflect the bonding strength between the particles. To analyze the effect of the elastic modulus on the vertical stress, we chose five different elastic modulus with values of 200, 250, 300, 350, 400, and 1500 MPa. We found that changing elastic modulus does not affect the vertical stress. Therefore, from practical standpoint, in designing the backfill materials, the effects of elastic modulus could be neglected.
Conclusions
Shortage of economic minerals in shallow subsurface has resulted in deep underground mining. Backfilling of mine waste is important for safety and environmental protection. It also avoids mine collapse and ground subsidence. We develop a numerical model to investigate the stress distribution within and around the stope backfill. We validated our numerical results with Marston's [11] arching theory that estimates the average vertical stress at any depth within the backfill. Using the validated model, we investigated the potential effects of geometrical and mechanical parameters on stress distribution. Important conclusions of this work are as follows:
1. Decreasing the aspect ratio of the stope backfill results in decrease in the vertical stress, 2. Vertical stress decreases when the aspect ratio, internal friction angle, and Poisson's ratio increase, 3. Cohesive force index and elastic modulus also have significant effects on the stress distribution. 4. Elastic modulus does not have a significant effect on the stress distribution. These conclusions are significant from practical point of view and they help in better designing stope backfills.
